Coupling Dense and Landmark-Based Approaches for Non Rigid Registration by Hellier, Pierre & Barillot, Christian
Coupling Dense and Landmark-Based Approaches for
Non Rigid Registration
Pierre Hellier, Christian Barillot
To cite this version:
Pierre Hellier, Christian Barillot. Coupling Dense and Landmark-Based Approaches for Non
Rigid Registration. [Research Report] RR-4076, INRIA. 2000. <inria-00072557>
HAL Id: inria-00072557
https://hal.inria.fr/inria-00072557
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
THÈME 3
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Coupling dense and landmark-based approaches for
non rigid registration
Pierre Hellier — Christian Barillot
N° 4076
Novembre 2000
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)
Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71
 
	


















































	   ]lXhmﬂ_









































R=b3\[zOhbfjbfkfaq_]f(]l\^aj]facjacZu¢×o¢ Z[OSn}S5m[ack3X blyn}Sbf\^R=]lZ[ajbfX R=b}n}SqmC]ljSeZ[b×kfajfS8]fX ]f__bfX:Z bf
Z^OaqmA(]l\^aq]lajcacZu¢ T:4 , Th¤` 1NPOS-n}S5fSjbfzhRCS5X:Zbl­ajX:Z[S5\^m[}tuS4_`Z\^Sk3ajm|Z[\g](Z^acb3X=RCSZ[Ob}nmaqmAR=bfZ[ajÉ]lZ[S4n











Z^\^]3n}acZ[ajbfXh]fcj¢ Z[\^S5](Z^S5n :¢ºzh]fz{S5\e](Z[q]fm[S5mﬂacZ[O kfSXhS\g]ljc¢ \^]lZ[OS5\Cm[ajRCzhcSZ[\g]lXhm|bf\^Re](Z^acb3Xhm NPOS
R=b:muZC¥:Xhb(X S









































JK#J LNMPO;QSR#T OVUHWYXBX)UHZPT ['\]X)W^\)T_M+Oa`BT_\)bcR#MDdeWfRgdeMPO?[\]X)WfT#O+\)[



























































































4 2ﬃ%ﬀ45	0ﬀ #* .]m&$ﬀY&%).45ﬃ ﬀ	=40 .	j1&$()ﬁ@*ﬃg	3.42&$ﬂ&ﬃ.	4 ﬃ.	0lﬂﬁ@=ﬃ ﬀﬃ.4 ()%'!


















{]fm[S5n+  b3\[S"n}SZ^]lajqm_]lXIS-bfXhnajXº ¤` 1
;K#J 	VMX
















































bfX:Z^\[b3jmPZ^OS {]lq]lXh_S"{SZuS5SXZ[OhSZub¨SXS5\[k3¢¨Z^S\^R=m5yNPOS §h\^m|ZyZ^S\^R aqmZ^OS§h\gm|Zwbf\gn}S\
N#]É¢ocb3\|dGS



























































]45	0ﬀﬁ]/46	/'ﬃ.	0ﬁg		ﬁg	 ﬀ45	0ﬀl	 ﬀﬃ<$'&$( ﬃ%.ﬀ/]46	0-m %S
_ﬀ
4 ()m6*$4V1ﬁ]/46	/'ﬃ.	0 $45ﬃ 422 ﬃ























































































;K ﬀ ?R \)T#X)U [jMPR2V\)T_MPO WfOﬂﬁ 
?R_\)T_ZXTﬃﬁ
 T#O?T~







O{]fmeISS5X n}S3SjbfzIS5n+ ¡ zo¢:\g]lR=aqn bl-fbfjR=S5m"!iﬂ$#&%?aqm8_



























	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0

NPOS×zh]l\[Z[acZ[ajbfX ](ZeZ^OS×_
b:]l\gm|S4muZ=kf\^aqn jS3Saqm¨n}S§hXS5n {m|ajXk ] ajXh]l\^¢ m[Sk3RCS5X:Z^](Z^acb3X Re]3m|¥





























\^acz}Z^acb3X ]fXhn \[S5z\^S5m[SX:Z^]lZ[ajbfX bf®Z^OS?_









































SZ[Ob}nm=n}S4]ljacXk acZ[O Z^Oaqm=z\[b3jSR _]fX































































Z^Ob}n hm[S5n¬ajmh]3m|S4n bfXKZ[OS ]3_`Z[ajfS _
b3X3Z^bf\
z{]l\g]fn}ajkfR Sfb3coajXk-\^bfR ]¨¤  _









ZuSS5Xº_bfX:Z[b3\[d1h]3m|S4n7]fXhn \[S5kfajbfX}dGh]3m|S4n7m[Sk3RCS5X:Z^](Z^acb3XºRCSZ[Ob}nm acX b3\^nS\-Z[b
























































































































































































S3iÉ\[b3R ] ¤  _\^fS]lZﬀZ^OSPcS4]l\^XajXk®m|Z^]fkfSfi
Z^be]C  m|\[Ð]f_S"](ZPZ[OS¦§hX{]l­m|Z[Sz 
¡_`Z^ac3S®\^aj{b3Xhmw]f\[S¦h]fm[S5nbfX8Z[OS]3_`Z^ac3S®R=b}n}S+z{]l\g]fn}ajkfR





















	 ﬀ 	 ¸ 	ﬀ=	 ;	
NPOhSm[j_a]f\[SR=bonSjS5n acZ[O nAdYm[zcajXS4miOaq_gO Ð]3_
ajcacZ^]lZ[S5m Z[OhSaj\ﬂXoR=S\^aq_]lRe]lXajzq](Z^acb3X­ VYX
z{]l\[Z[aq_













acZ[j¢×zZ acX _bf\^\[S4m|zIbfX{n}SXh_S Z^OS8_bfX:Z[\^bfzIbfajX:Z^m"bfZ^OS5m[SeZub
m[q_













































































































































	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
¤3¤
     
,}( ´  ¸ 5(	  ¨¹ ´G¸   






































































































zh\[b3cS5R ¡wm=ajX  fÉ 1iSajXh_
































































































































 ]lXhn u   wb(S5fS5\5ioZ^OS5m[S"zh]l\g]lR=SZ[S\gm]l\^S-§}S5nacZ[O\^Sq](Z^ac3S-Oack3O(]ljS5m5i{]3mPZ[OS
_bfXhm|Z[\g]lajX:Z^mR {muZyIS-j]f\[k3Sj¢=Z^]l¥3SXacX:Z^b¨]f__bfX:Z4









b3Xhm|Z[\g]lajX3Z¦Oh]fm¦]\[S5j]lZ[ajfS m[zh](Z^aj]f,acXR{SXh_S b3\¦Zub\[S4]fm[bfXhm5 T®X×Z[OSCbfXhSﬂOh]fXhn+i
Z^OSﬂm|Z^]fXhn]f\^n\^Skfhj]f\[aj»5]lZ[ajbfXZ[S\^R)z\[b3zh]lk:](Z^S5mZ[OhS jbo_5]l#_
bfX{muZ^\^]facX:ZyIS5_]fhm[S"Z[OSﬂR=acXajR=ac»4](Z^acb3X
aqm-]lcZ[S5\[Xh]lZ[S4n+kT®XS Z^OSCblZ[OhS\-Oh]lX{n+iZ[OSCR h©Z^ack3\[aqn?R=ajXacR=aj»5]lZ[ajbfX­i­n}S4m[_\[ajIS5najX nS
Z^]facqm®acX bf\














































S83bfjR=Sf T®X bfZ[OS5\=\[S5kfajbfXhm5i,Z[OS\^S5m[©Zgm=]l\^S8aqn}SX:Z[aq_]f; VYX bf\gn}S\ﬂZ[b
]3m[m[S5m^mXoR=S\^aq_]ljj¢8Z^OSﬂn}a S\^SXh_S{SZuS5SXZ^OS R=SZ[Ob}nm5iS _bfR=z}Z^SZ^OS R=S5]fX×m^²3{]l\^S"S\^\[b3\
ÒÓ#Ì­ÒÕÔ
 
	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
¤4T
oﬀajkfh\[S<A]G  
























" %Sﬃ j%ﬀﬀ/]ﬁﬂ g&$ﬀﬁ?]4 %
$
	4 ( 4 ()
¯ 
'6*ﬀﬃ.ﬁ$ ."  $&40l ﬂe()#%S
]ﬁﬂ &$ﬀﬃ.ﬃ !

















 S ]f\[S]ÉP]l\^SwZ^Oh](ZwZ[OS  C aqmyXbfZ®]=kfbob}nRCS4]fm[\^S-Z[b¨]fm^m[S5m^mPZ[OSﬂ²3{]lja©Zu¢bl,Z[OS \[S5kfaqmuZ^\^]lZ[ajbfX
OhSX8S-_










rs\^SoajbfhmPbf\^¥ 'Alh  3({ A
>bfXhm|Z[\g]lajXS5n8\[S5kfaqmuZ^\^]lZ[ajbfX AljA  Alfh£
N#]lhcS¤'G"ﬀ













 ﬁ$ﬀ ﬃ.ﬃ ﬀﬃ$ 4( 9ﬃ$.4-	3 &$ﬀﬁ?]4 $*ﬀﬃ V4(%ﬀ

  #* 4(%ﬀﬀ
]ﬁ 
$
(ﬃ%%ﬀ4 ()$&$ﬀe ﬀeﬂ	3ﬂ&$ﬀﬁ?]4 $ ﬀ=ﬃ ﬀI4 ()g2ﬁ4 ﬀ45	0ﬀIﬁS  _*g4 ()ﬂﬃ%0*ﬃ &$ "ﬃ ﬀ	el









































































NPajm^m|hS  S5]fX  Soaq](Z[ajbfX
rs\^SoajbfhmPbf\^¥ k3\[S5¢ hfTh A  :
OacZ[S hAc¤  :
>bfXhm|Z[\g]lajXS5n8\[S5kfaqmuZ^\^]lZ[ajbfX k3\[S5¢ hfTh A  A
OacZ[S hA T  A
N#]lhcSﬂ)G
ﬁ %ﬀﬃ.m$'e	j ﬁ$S.]ﬃ "%4
$
%'ﬃ  ﬃ 
$
(]	42ﬂﬁﬀ454 ﬃl ﬃ$'&$( $"  $&4 +4 ()ﬂ&mS$.	 9+&$!
45	0ﬀ-#*?4 (),&%ﬃ.42

	3Pﬃ   %&4 %	4 g4(kﬃ 0*ﬃ &$k."  %&4+&$ﬀﬁ?)ﬃ $ﬂ4 ,4 (),&mﬀ$$	 9@&$ﬀ45	0ﬀ #*
4 ()gﬃ%0*ﬃ &$g."  $&42l


&$()S  %ﬀﬃ.m$'e	j-ﬁﬂ$S.]ﬃ 9P$ " ﬃ14 ()g4 ﬀ4 ﬀ=ﬃ *ﬃ.ﬁﬂ&$ 




























ﬃ  '6*ﬀﬃ.ﬁ% .]m&	V4(ﬀ4










































ﬃ  %i	0<ﬁﬂ4(i  ﬀ.46ﬃ 	$ﬃ%5'	3.46ﬃ%ﬀ45	0ﬀ
o#ajkf\^SﬂG
ﬂe()ﬂm6*$4 &$45ﬃ ﬀ .]m&	;_*ﬂ$'&$( ."  $&4 
2	I"
  ﬃ  '6*ﬀﬃ.ﬁ$ 4 
$
ﬀﬃ%4(ﬂﬃ 6*ﬃ &$




ﬃ%0*ﬃ &$k."  $&4 
$
?(%ﬀ,ﬀ
g45ﬃ &%$g4 () 0*$4eeﬃ $&$=46ﬃ .]m&?	 ﬃ $g4 () m6*$4eS.4 &%45ﬃ 




4 ﬂ4 ();ﬃ  %	0ﬀ<ﬁ4 ()'l
 
ﬃ  %i	0<ﬁﬂ4(i  ﬀ.46ﬃ 	$ﬃ%5'	3.46ﬃ%ﬀ45	0ﬀ
o#ajkf\^Sh)G
ﬂe()1m6*$4?.ﬃ.	0ﬃV*$ﬃ ﬀ=42Y.]m&	?#* $'&$( ."  %&4
2	B"
 -ﬀﬃ 1'6*ﬀﬃ.ﬁ% 4 
$
ﬃ  4 ()








ﬃ  %i	0<ﬁﬂ4(i  ﬀ.46ﬃ 	$ﬃ%5'	3.46ﬃ%ﬀ45	0ﬀ
o#ajkf\^SC¤5)G
ﬂe(),m6*$4P ﬃﬀ%	0ﬀ .]m&	f#*,$'&$(."  %&4 
2	 "
  ﬀﬃ g'6*ﬀﬃ.ﬁ$ 4 
$
ﬃ 4 (),ﬃ 6*ﬃ &$
."  $&4 kﬀe &$ﬀﬁ?)ﬃ $ 4  4 () m6*$4V ﬃﬀ%	0ﬀB$]& _*ﬂ4 () ﬃ 6*ﬃ &$$"  $&4 




 45ﬃ '&$$4 (),m6*$4P.ﬃ.	0ﬃ<4 ﬁ?)ﬃ ﬀH$]&<_* 4 ()<ﬃ 6*ﬃ &$<."  $&4+	 ﬃ $l




































































SCn}boS5m¦XbfZ®\^ShS4_`Z-Ob( m|O{]lzIS5m¦]l\^Sﬂm[acR=ajj]f\5i{Z[OS5\[Sbf\^S Sﬂ]fjm[b8zIS\[bf\^R ]¨z\^acX{_
ajzh]l
_bfR=zIbfXS5X3Zy]fXh]lj¢}m|aqm 9r@>¡k:Z[beS5É]fc{](Z[S¦Z^OSm|ajR=acq]l\^acZu¢eblm|Oh]fz{S3









Sﬂm[}tuS4_`Z4® S Z^OSX ]ÉfS5\^]fkfS
Z^OSn}aqmuZg]lXh_S5m5ibf\CZ[OhS ¯4°7m[}tuS4_`Zgme]lXhn bf\CZ[OS ¯ ?m[q_
a<9zIS\¨m[}tuS4_`Z.:`i]fXhn Z[OS\^S5m[©Zgm=]l\^S






	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
¤h
o#ajkf\^Se¤f¤G
 ﬀﬃ 4 ()m6*$4;&$45ﬃ ﬀ .]m& 4 ()ﬂ%ﬀﬃ j.]m&,"4 ﬀ	e%
$
	4 ( 4 ()Veﬃ  %	0ﬀ<ﬁ4(i
	3 ﬃ 
$
 	 & ﬃ'ﬀ 
$
(	4(1%Sﬃ j .]m& "4 ﬀ	e%
$






k(%ﬀg  e]4+4 (ﬃ%% .]m&	@_* 4 (),ﬃ 6*ﬃ &$<."  $&4 P4 (),m6*$4D&$45ﬃ ﬀ 	-ﬃ $+4(<m6*$4






 ﬃ 4( m6*$4f.)ﬃ.	0ﬀﬃ*$ﬃ%ﬀ4 ﬀ.]m& Y4 (),%ﬀﬃ i<.]m& '"4 ﬀ	$
$
	4 (4 ()Dﬃ  %i	0
ﬁ4(i	3gﬃ 
$
I	 & ﬃ'ﬀ 
$
(	mﬂ4 () %ﬀﬃ iﬂ$]&g"4 ﬀ	e$
$

































rs\^SoajbfhmPR=SZ[Ob}n ¤5h  h 



















&$45ﬃ ﬀjﬀ	=40,ﬀe 4 ()ﬀ4 ()ﬃ"$4
$
























	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
¤
o#ajkf\^S=¤5TG
 ﬃ 4(,0*$4+ ﬃﬀ%i	0 $]& 4 ()g%ﬀﬃ i,.]m&,'"42	$
$
	4 ( 4(Deﬃ  %	0ﬀ<ﬁ4(i
	3 ﬀﬃ%
$
 	 'ﬃ $ 
$
(	m14 () %Sﬃ i .]m&'"42	$
$









 .]m&	;_*4 ()gﬃ 6*ﬃ%e&%."  $&4 @4 ()g0*$4; ﬃﬀ%	0ﬀI	 ﬃ $@4 ()gm6*$4







































 ﬀﬃ 4 (ﬃ%%ﬂ)$]m46	0)-_* 0*ﬃ.ﬁﬂ$ .]m&	,#* 4( m6*$4 (ﬁg	35)(ﬃ  4( 45ﬃ &% _* 4 ()
&$%Sﬃ.	0ﬀ&$ﬁﬀ45ﬃ.	

ﬃ  ;$&404 ()14242+ﬀﬁﬀ]=4 #*ﬂ%ﬀﬀﬃ.	046	0 4 ()4 	31".ﬃ %S$ ﬀﬀj 4 () 

	31#*
4 ()g'$&$ﬀﬁ?S.	46	0l ﬂe()45ﬃ '&$<	3 	 %Sﬃ.	0ﬀ=4 
$
















aw]f\[SS:Z^\^]3_`Z^S5n a©Z^O Z[OS?]3_`Z^ac3S\[ajIbfX R=S






















	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
fT
  &(P,$
c¤ "xinP](t|_5m|¢w]fXhn ®b((]f_aj_f  h©Z^ac\^S5m[bfj}Z[ajbfX-S5j]3muZ^aj_,Re](Zg_gOajXkh


























 f   ^n\^bldYyajSqm|S5Xº]fXhn >®fE¦\^]fRC¥3b("o{]fm|Z{haqn \^Sk3ajm|Z[\g](Z^acb3X7bfPR=S4n}aj_5]lacRe]fkfS5m5VYX 
wbfOXhSC]fXhn×x"-aj¥oacXaqm5iIS4n}acZ[bf\gm5i  
ﬃ i&l 	3.ﬀ




a1ci}z{]lkfS4mylo}:(h oz\^ajXkfS5\5i oS5z}Z[S5R IS\"¤h'hfh





















i+X:hR IS\ ¤4¤4TeacX ­S5_
Z5
wblZ4acX->b3RCz }_
a1cihzh]lk3S5m-¤ih3l'h  ozh\[ajXkfS5\5i¤h'h'h 
£É <EC >O\^aqmuZ^SXhm[SX­



























 hl  A >bfjcajXhm5ﬃ ﬀ
'


































j¤4(  A >bfjcajXhm5i EC ­S E¦bf{]ljOS\4i­x"+vSXok3bfzh]f;i+¡  >]l\g]lRe]lXb:mi+¡  Cs(]lXhm5i]lX{n >®HnP]l\^acjjblZ5
>b3\|Z^aj_5]l_bfXhm|Z[\g]lajX:Z^mbf\wXbfX}dGjacXS4]l\y_bf\[Z[aq_]l+\^Sk3ajm|Z[\g](Z^acb3X­VYX  ybfOhXS ]lX{nx-ac¥oajXaqmi
S4n}acZ[bf\gm5i  
ﬃ &il" 	3.
	 ﬀ45	0ﬀ 	 ;	0ﬁﬂ$	0&%< ﬀﬁ?]45	j
iAXoRﬂ{S5\¤3¤5T¤8acX ­S5_
Z5ybfZ5,ajX





j¤5Tl -N- >boblZ[S4mi=>®INﬀ]É¢ojbf\4i   ybobfzIS\4ih]lX{n {=E¦\g]lOh]fRs¡_`Z[ajfSm[Oh]fz{S"R=b}n}Sqm|dsZ[OS5ac\yZ[\g]lajXacXhk
]fXhn]lzzhcaq_]lZ[ajbfX­






j¤f <>®  ]ÉÉ]lZ[»5ac¥3b3m5 ozh]lZ[aq]lhZ[\g]lXhm|bf\^Re](Z[ajbfX=]lX{n=\[S5kfaqmuZ^\^]lZ[ajbfX=bl+\g]lajX=acRe]lk3S5m{m|ajXkS5j]3muZ^aj_5]ljc¢
nS
bf\^Re]ljS-R=bonSqm






j¤A(     S5m[oack3XS5m5ixb(¢3]3_g¥:¥3S\gmi eoh]ÉP]l1iI]fXhn  xS3SXo­  SZ[S5_
Z[ajbfX×]fXhnaqn}SX:Z^a©§{_5](Z^acb3X
bf,m[q_
a+b3XT   xV`VYX









 i&l]ﬃ ﬀ&	0&$g'"$45ﬃ &4
i+¤5G :fi¤h'h3
j¤ÉÉ  A^o#jbf\g]f_g¥iYn®#xbfR=S5X:¢3ih wboS5Xhn}S\^ajX¥i#]fXhn  ﬀvwajS\^kfS3S\4 }_]fcS]lXhn Z^OSn}a S\^SX:Z[aq]l
m|Z[\^h_
Z[\^S-bl,acRe]lk3S5m5 
ﬁj  	3.	0ﬀ  fﬁVe]46	
i¤5)G T:l}Tffhi¤ihh3
j¤5l   {eo\^ajm|Z[b3X­i {{¡®m|Ooh\[XS5\5iH>  oh\[acZ[O­ijn¦hr,bfjacXhSfi  
yS5]lZ[OS5\5iI]lXhn×x  {oh\^]3_g¥fb(aq]l¥
}zh](Z^aj]fs\[S5kfaqmuZ^\^]lZ[ajbfX ]lXhn Xb3\[Re]ljaqm[]lZ[ajbfX blPacRe]lk3S5m5






































i{fb3cR=S"V[V`ihzh]fkfS5m®3( }:A}i yajcZ[bfX#wS5]3nVum|q]lXhn­i obfZ[O >]l\^bfjajXh]i 3X×l3fh
V CPCC _
b3RCzh}Z[S5\wm|b}_acSZu¢f








£lTl  o ]3_gORe]lXX ]lX{n >® nP]l\^acjjblZ5 n\g]lajX7Z^ajm^m[S8_
q]fm^m[a©§{_5](Z^acb3X7\^bfRR=\[an](Zg]o¢7R=S5]fXhmbf
Z^S
























£'A(  EC SE¦b3h]ljOS\4i+>®fnP]l\^acjcbfZ5i A S1n\^aj²:S5\5i {P>®fE¦S5SfiA]fXhnCnaj»5]fajm5ºTfn nS
Z[S4_`Z^acb3X
]fXhn \[S5z\[S4m|S5X:Z^](Z^acb3X bl-_
b3\|Z^aj_5]lm|hj_a; VYX    SR=¥fS3i =VYXh]fR \g]iD>®+>® 3] IS3i]lX{n
xohSja©+iIS5n}acZ[b3\^m5i





	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
A
£ll  EC ­S-E¦bf{]ljOS\4i A@>bfjcajXhm5i;>®+n]f\[ajjcbfZ5i]fXhn ¡CAÉ]fXhm5K¡y}Z^bfRe](Z^aj_aqn}SX:Z^a©§{_5](Z^acb3X bf
_bf\[Z[aq_]fsm|q_









iXoR IS\¤5h3 ajX ­S5_
Z5hwblZ4hajX >b3R=z­ }_a;jihzh]fkfS4mVAl'h 
A¤5hi)nb:muZ^bfX­i }¡i T¦_`Z[b3{S5\-¤ih'h3














£hl  { d2o  ]lXk3acX­iﬀv ^o\^bfajX­i#V` ncb}_gO­i hﬀxSk3ajm5i#]fXhn h 3z{S5»












































































 Tfl -¡ 3r,S5X3Z^j]fXhn¨]fXhn  }_







































 Tfl  =­xybfO\4i:Z[ajSO1iﬀx oz\^SXk3S1i­ HnSaj;i#N-Hn»k{i
{+7S5S5m[Sfiﬀ]fXhn   -OX­=r,bfajX:Z|d
{]fm[S5n?S5j]3muZ^aj_ \[S5kfaqmuZ^\^]lZ[ajbfXbfAR=S5n}aq_]fﬀajRe]lkfSﬂhm[acXk]lzhz\[bÉ}ajRe](Z[ajXkeZ^OajX}d1zhj]lZ[S=m|zjajXS5m5-VYX
 wbfOXhS]lX{nx"-ac¥oajXajm5i4S5n}acZ[b3\^m5i  




a1ji:z{]lkfS4m'h:}Tf3i ®]lR h\[k{iE¦S5\[Re]fX:¢3i oS5z}Z[S5R IS\-¤ihhfh
}zacXhkfS\4
 T'hl - ­xb(¢3]3_g¥o¥fS\gm5i Ho{]É]f;i    S5m[oack3XS5m5i  ­xS5fS5X:i­]lXhn   +Nﬀ\^]É3S\^Sf  b3\[zOhbfR=S
Z^\[¢
]fXhn aqn}SX:Z^a©§{_5](Z^acb3X bl"\g]lajX m|q_
a®bfX Z^O\[S5S







































iz{]lkfS4mC¤43I¤4Tf -coS\-¡_]3n}SR=aq_ﬂrAjajm[OS\gm5i  b3\^n\[S4_gO3Z4ci
¤h'hjA}






 	3.ﬀ/	i46	0 	 V	0ﬀﬁ%	0&$ﬀ
 ﬁVe]46	
i{fbfjR=S=¤53fi:zh]fkfS5m-¤4Tf I¤3hi]>Oh]lzIScd wacj1ihk>®i­¤h'h:} orsV Cy
















 jA(  {Nﬀ]fj]fac\g]f_gO ]fXhn r,sNﬀbf\^Xbf































































Z5fwblZ53acX1>b3R=z­ }_a;jifz{]lkfS4m¤5:¤ihA }z\[ajXk3S\4i fhXS¤ihh'h 
ÒÓ#Ì­ÒÕÔ
 
	ﬀﬁﬂﬃ ﬀ!#"$ﬀ$%ﬃ '&$()+*ﬀﬃ,ﬀ-ﬃ.	/	01ﬃ 2'	3$45ﬃ 46	0
:
 All   {vs]lX nSR=R=S#]lXhn  ¡   {m|S5X­
,ﬀe'"$i_*,ﬁﬂ$ﬀ	0&$ 	*ﬀﬃ.ﬁﬀ45	0&.
 oz\^ajXkfS5\5i®x  G
O:Z[Z[zHG
F'F(" R=ajS\4 XhF(RCajOh]fXhn}Ib:b3¥i+¤ih'hoo






 Af(  ﬂISXk{i s  :Z^]fac­ilx N- }_gOocZ[»fi ÉN#]lk:]l\^Sfis4 acX­il]fXhn { +  Xh_5]lX­o¡ XS5 ]lzzh\[b:]f_gO










ajX ­S4_`Z5{yblZ4ajX >b3RCz }_
a1jizh]lk3S5m¦¤:¤A3} ozh\[ajXkfS5\5i }Sz}Z^SR IS\ ¤ih'hh
ÌﬀÌ)Çﬀp
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
